The refrigeration sector represents an important field of application for demand side management (DSM) strategies. For DSM are intended all those actions addressed to modify the final user's electricity consumption. Considering that refrigeration and air conditioning electricity consumption represent about 17% of the total electricity demand and taking into account the growing market of heat pumps, it is clear the central role of this sector for the implementation of management strategies on demand side. There are already several examples of feasible DSM technologies referred to refrigeration, including thermal energy storage systems, energy efficient devices or control systems by means of which the utility communicates with the final users. Purpose of this paper is to analyze the present state of the art in this field in order to categorize the applications (in terms of technology and range of temperature), list the existing implementation and provide a way to assess the potential flexibility provided to the power system. The results of this work are considered relevant to highlight the importance of refrigeration sector in such context and, thus, to boost the penetration of DSM strategies.
INTRODUCTION
Nowadays there is a growing interest towards the application of demand side management (DSM) strategies in the refrigeration sector due to the incidence on the overall energy consumption of refrigeration technologies. The International Institute of Refrigeration (IIR) estimates that the total number of refrigeration, air-conditioning and heat pump (HP) systems in operation worldwide is roughly 3 billion units and the refrigeration sector consumes about 17% of the overall electricity used worldwide [1] . About 45% of such consumption comes from the residential sector, that represents one of the main energy demanding sector in the world [1] . Indeed, buildings account for 40% of the total energy consumption in the European Union and in EU households, heating and hot water alone account for 79% of total final energy use (192.5 Mtoe) [2] . Cooling has a smaller share of total final energy use in Europe (2-3%), but it has a growing trend. In particular, according to EIA (U.S. Energy Information Administration), the household electricity consumption is divided as shown in Figure 1 , where about 50% of electricity is used for heating, cooling and refrigerators (i.e. refrigeration technologies) [3] .
Also in industry heating (namely space and process heating) energy consumption has a considerable share: about 70.6%, while cooling is 2.7% [2] . Considering the different sectors where refrigeration technologies can be applied, some average data about the worldwide electricity demand are provided in [1] . For example in supermarkets, 45% of the electric energy is used to cool cabinets and cold rooms for food storage, while household refrigerators and freezers consume almost 4% of residential electricity demand. In the latter sector, while the efficiency of the devices is growing, the number of units has been increasing constantly. Air conditioners, instead, are responsible in average for around 5% of global electricity consumption, with a variable percentage country by country (e.g. it is 14% in US and 40% in India). The relevance of heat pumps is also increasing, in 2015 about 800'000 units were sold in EU-21 and they allow 50% reduction of the building sector's CO2 emission [4] .
Thus, the refrigeration sector needs to be accurately investigated to look for energy reduction and energy management strategies. Purpose of this work is to illustrate the potential for demand side management of refrigeration technologies. Both technologies and DSM strategies are categorized and main findings in literatures are illustrated. Some useful indications for future research work are provided.
METHODS
In this work, first a definition of refrigeration technologies is provided and their classification on the basis of final use and temperature operative ranges. Then demand side management techniques are illustrated and a state of the art review of existing applications and potential of refrigeration technologies in the DSM context is reported. Eventually, flexibility indicators are described.
Fields of application
A refrigeration application is defined, for the purposes of this paper, as a system based on a reverse cycle (namely a simple reverse vapor compression cycle or its combinations, e.g. cascade cycles, two stage reverse cycles…) or a not-inkind technology (i.e. Brayton cycle, magnetic refrigeration, cryogenic stirling engine, sorption cycles, ejector cycles…). The refrigeration applications can be divided into several categories, depending on final use. According to IIR [1] , they are: (i) refrigeration and food (i.e. domestic and commercial refrigeration and refrigerated transport); (ii) air conditioning; (iii) refrigeration and health; (iv) refrigeration in industry (i.e. liquefied natural gas, LNG); (v) heat pumps; (vi) leisure and sport. In Figure 2 the share of units in operation for each category is shown. Among such categories, in this work, the most interesting are considered and classified on their operating temperature range as follows:
• Air conditioning (T=0÷15°C), space heating (T=25÷60°C) and domestic hot water production (T=45÷65°C) in residential or commercial buildings, performed by means of chillers and heat pumps respectively; • Household refrigerators (T=-20÷3°C);
• Supermarkets (T=-20÷3°C) and refrigerated warehouses (T=-20÷13°C , depending on the food stored).
Demand side management
DSM are all those actions addressed to modify the final user's electricity consumption. DSM strategies mainly are divided into three different categories: (i) energy-efficient enduse devices; (ii) additional equipment, systems and controls to enable load shaping (e.g. energy storage); (iii) communication systems between end-users and external parties, e.g. demand response (DR) [5] . While the first point concerns energy conservation by means of devices using less energy, the other two points deal with systems aimed at modifying the final user demand profile: thermal energy storage systems can be used to store surplus energy to be released for a later use, whereas demand response achieves changes in final users load by means of price signals from the grid.
DSM IN REFRIGERATION
In this section, how demand side management can be realized in the refrigeration sector is illustrated. All the refrigeration applications here considered (i.e. chiller and heat pumps; domestic refrigerators; supermarkets and refrigerated warehouses) belong to the category of thermostatically controlled loads, they are aimed at keeping the operative temperature in a given range and they allow to shift thermal loads produced by electricity conversion, thanks to inherent or external thermal energy storages. The results are divided on the basis of the above-mentioned categorization of DSM realizations: energy efficiency, energy storage, demand response.
Chillers and heat pumps

Energy efficiency
Energy efficiency in reverse cycle devices can be achieved in several ways. It is possible to act on: (i) the choice of a proper and environmental friendly refrigerant; (ii) more efficient design of components (VFR, ejectors….); (iii) application of not-in-kind technologies; (iv) optimization of the overall HVAC (heating ventilation and air conditioning) system and control strategies.
Energy storage
The relevance of coupling reverse cycle devices (i.e. chillers and heat pumps) with thermal energy storages in order to modify the final user demand and match it with the power system production has been demonstrated in literature [6] .
As far as cold applications are concerned, a cold thermal energy storage (CTES) is typically coupled to a chiller for air conditioning. It can be a thermally stratified chilled water storage (sensible TES) or an ice storage (latent TES). The purpose of using a TES is to improve refrigeration equipment efficiency, reduce the installed capacity, increase the operational flexibility and reduce energy costs: cold is produced during off-peak periods and used during on-peak periods. Typical operational strategies of such systems are: full storage and partial storage strategies (Figure 3 ) [7] . A full storage strategy shifts the entire peak cooling load to off-peak hours. In a partial storage strategy, the load is partially supplied by the thermal storage and partially by the refrigeration unit. The chiller can be designed to operate as load levelling ( Figure 3B ) or demand limiting ( Figure 3C ). Partial storage is the most used configuration because of lower initial capital costs. It saves about 40-60% of peak cooling electricity demand. Full storage is interesting for short peak periods with very high costs for electricity production. The peak electricity demand can be reduced up to 80-90% [8] . In the same way, thermal energy storage systems can be used together with heat pumps for implementing demand side management strategies [9] , such as peak shaving or night load shifting. These kind of applications can lead to energy bill reductions, even if generally the energy consumption increases because of thermal losses in the storage systems.
Figure 3. CTES operational strategies [13] .
In alternative to the use of external storage tanks, also much more effective in buildings, thermal storage can be provided by the use of the building envelop thermal mass as passive or active energy storage [10] . It is considered active thermal storage e.g. the floor heating or TABs (thermally activated buildings) [11] : the floor is a large low temperature radiating surface while the concrete acts like a thermal storage heated by air, water or directly by electric resistances. The passive thermal storage due to the building envelope can be easily exploited by means of variable temperature set points, that can be adjusted in a certain range in order to keep the internal comfort and at the same time provide useful flexibility to the power system [12] . Moreover, PCM can be integrated within the building components and used passively, for precooling/heating and for reducing the thermal load request, or alternatively actively by charging and discharging them on the basis of a given strategy.
Demand response
Among the other devices, heat pumps are recognized as systems to be effectively used to implement demand response strategies in the smart grid. They are mainly aimed at three different purposes: (i) provision of ancillary services for the power grid, (ii) renewable energy sources (RES) integration, (iii) energy bill reduction for the final user [13] .
(1) Ancillary services contain: voltage control, congestion management and provision of spinning and non-spinning reserve [13] . In voltage control applications heat pumps load is modified to guarantee that the distribution network voltage is maintained within the allowed limits: HP active power demand is decreased in times of local under-voltage and increased in times of over-voltage. The latter case can happen for example in presence of photovoltaic (PV) panels, feeding electricity in the grid. [14] demonstrates the positive role of heat pumps to reduce curtailment of electricity from PV panels. As far as congestion management in the distribution grid is concerned, heat pumps must be operated in an optimized scheduling and power rating in order to avoid limitations in the transformer and line capacity [13] . Eventually heat pumps can serve as spinning and non-spinning reserves used by the transmission system operator (TSO), i.e. as reserve capacity that can be regulated downward or upward to match demand and supply. Different strategies can be implemented with these reserves, such as peak clipping or valley filling. (2) Another important role played by heat pumps and the flexibility they provide, is related with the possibility to integrate renewable energy sources both at building level and at power system level. Mainly the RES considered are wind and PV. The work [15] shows how heat pumps coupled with thermal storage can increase the selfconsumption of PV electricity production in an industrial building. In this study, the tank operative conditions are analyzed in order to find the best configuration: up to 80% of PV electricity can be used to cover the thermal demand coming from the building. (3) Regarding energy bill reduction, electricity price signals are used to influence the final users' consumption pattern.
Mainly there are two types of tariff structures: Time of Use (TOU) tariffs, when they vary depending on the period of the day, and Real Time Pricing (RTP), that, instead, change continuously based on the electricity market price [16] . In this context, the heat pump demand can be adjusted with the intent of reducing electricity costs, improving the system performance, increasing RES integration or improving power system benefits (i.e. reducing total operational costs). It is evident how the final users and power system interests are strictly related.
Household refrigerators
Energy efficiency
Increasing the energy efficiency of these devices acts on power systems energy conservation. There are different aspects to be addressed in order to increase a refrigerator performance, mainly: (i) compressors efficiency, (ii) thermal insulation and (iii) enhancement of heat exchangers heat transfer [17] . Compressor efficiency has a central role because almost 80% of refrigerators energy consumption comes from the compressor. In this sense, variable speed compressors and linear compressors have been considered to replace standard ON/OFF compressors, even if they still represent expensive solutions. As far as the thermal insulation is concerned, generally polyurethane boards are used, but they can be substituted by vacuum insulation panels (VIPs), four times more resistant to heat transfer. The last category of interventions about heat exchangers heat transfer enhancement includes: addition of a liquid-to-suction line heat exchanger; application of loop heat pipe evaporator; application of micro- 
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fins in condenser and evaporator and application of phase change materials [17] . The last point is further discussed in section 3.2.2.
Energy storage
There are several studies that deal with the use of phase change materials in refrigerators to enhance their performance. PCM at the evaporator side is the case more often investigated. Mainly, PCM reduces the ON time of the compressor, maintains a more stable temperature, thus guarantees a better food quality, also in case of power outages. Instead, using PCM at condenser can extend condenser heat rejection process also during compressor OFF time, then achieving lower condensation temperature [17] .
Paper [18] investigates the role of PCM for reducing energy consumption in domestic refrigerators (about 12%). Moreover, it is shown that the presence of PCM helps in reducing the temperature fluctuations in the cold chamber. Eventually, thanks to PCM, the load can be increased (for a period of 0.6 h) or decreased (for a period of 1.8h) for DSM purposes, while maintaining the temperature in the allowed range.
Demand response
There are about 1.5 billion domestic refrigerators and freezers in service worldwide, which consume 4% of the total electricity production [1] . Thus, it is highly relevant to consider DR in this sector. A refrigerator is a cool chamber, where a reverse cycle is activated by an internal thermostat to maintain the temperature in a fixed range. The inside temperature is influenced by (i) external heat gains; (ii) door openings; (iii) heat in the stored food [19] . The thermal capacity of the internal air and of the walls (where also phase change materials can be encapsulated to further increase it) provide the thermal inertia of this system that influences its possibility to modify the electrical load.
In [20] the possibility to use thermal storage of electrical household refrigerators as balancing power is explored. They develop a model to aggregate the demand of 5000 refrigerators, two types of control signals are applied. Results show that the control signal affects the obtainable load shape and confirm the suitability of these loads to be shifted easily and used as short-term reserves (15 min). In [19] different DR strategies are applied to domestic refrigerators. This paper shows the importance of desynchronizing the operation of a group of refrigerators in order to limit the payback load after the DR event that could cause severe peak power demand. The issue of synchronization is also shown in [21] , where a frequency based demand side management strategy is applied to a cluster of refrigerators. [22] illustrates a strategy to manage at large scale the load of domestic refrigerators in order to reduce peak energy demand. They demonstrate that their strategies (acting on switching ON/OFF periods or temperature bounds) can also improve losses issue and voltage profile of power distribution systems. Paper [23] develops a gray-box model for a refrigerator, identified by means of experimental data, to be used in model predictive controls aimed at shifting the refrigerator load for DR purposes. This kind of modelling approach is also useful for Home Energy Management System (HEMS), as proposed in the work [24] that develops a system for executing DR autonomously.
Supermarkets and refrigerated warehouses
In supermarkets, a large part of the energy consumption comes from refrigeration systems (that can be stand-alone, condensing units and centralized [25] ), it is due to compressors work and is mainly influenced by (i) the amount of heat gained in cabinets (that depends on cabinet temperature requirement, rate of product replacement, cabinet aisle temperature, indoor humidity); (ii) the rate of heat rejected at condensers (that depends on the surface area of the condensers, the rate of air flow and outdoor air temperature) [26] . Moreover, there is often a lack of energy awareness and communication among facility managers, maintenance team and store staff that makes many supermarkets perform poorly in terms of energy efficiency [26] . [26] defines an energy performance indicator, Eq(1), to quantify the energy consumption of a supermarket on the basis of the most relevant parameters: compressors power demand, store opening hours and cooling degree days (CDD):
where EA is the annual refrigeration energy consumption (kWh), normalized with respect to:
• CI (kW): aggregated connected load of the refrigeration system;
• OH=1+(H-14)x0.94%: it depends on the weekdays opening hours, H;
• CCDn=1+(CCD-20.1) x2.8%: it depends on the annual average cooling degree days.
Paper [27] proposes to disaggregate the energy consumption of supermarket store into weather-dependent and weather-independent loads. They show that weatherindependent loads (lights, computers…) can contribute up to 45-77% of a store total electricity consumption, while refrigeration loads weight more than cooling loads, thus occupancy in the supermarket has a minor role. Moreover, some studies have demonstrated that integrating HVAC and refrigeration in a supermarket can lead to reductions in energy consumption. In supermarkets, there are normally vapor compression cycles operating at three different temperature levels, corresponding to air conditioning units, medium and low temperature refrigeration plants respectively, thus it is possible to organize the systems according to a cascade layout [28] . Research results show that the use of natural refrigerants, e.g. CO2 transcritical cycles with ejectors, is a good option for energy efficient and sustainable solutions in this field [28] .
Energy storage
Some studies have also investigated the role of thermal storage in industrial refrigeration.
Paper [29] analyzes the case of a refrigerated warehouse where the stored frozen food is used as passive thermal storage by allowing a 5°C temperature increase (the food quality is not altered because the temperature is always <-18°C). It is shown that when a limited load strategy, that shifts partially the electrical load during night off peak periods, is applied to the warehouse, about 50% of energy cost saving is achieved.
Paper [30] proposes to supply refrigerated warehouses by means of renewable energy sources coupled with cryogenic energy storage systems. Such storage systems use the RES surplus electricity to liquefy and store liquid air. The liquid air, when the RES production is too low, can be vaporized, thus the cooling load is used to cool the warehouse, while the air is expanded in turbines for power generation.
Demand response
The work [31] studies possible control strategies for aggregation of supermarkets electricity demand to balance demand and supply side of the power system. The supermarkets flexibility is due to the possibility of pre-cooling the contained foodstuff. It is demonstrated that also with a simple control strategy without any kind of optimization it is possible to realize an upward regulation of 900 kW within 15 minutes during peak times.
Paper [32] describes a novel economic-optimizing model predictive control scheme to reduce supermarkets operating costs. The flexibility provided by their refrigeration systems is used as ancillary reserve in the power grid and can lead up to 70% cost reduction.
FLEXIBILITY PROVIDED BY REFRIGERATION
Flexibility provided by a refrigeration application is intended as the power consumption deviation of the device from its optimal value to a new profile aimed at compensating power imbalances in the grid. Such new load pattern can be obtained by using heat buffers where heat/cold can be stored when there is a surplus of electricity available and vice-versa. Heat buffers are mainly represented by thermal energy storages and building thermal mass.
There are several studies in literature that have proposed a way to quantify this flexibility, in particular it is possible to measure it as hourly (h) load shed (LS) potential of a device with respect to its rated power consumption (P base ), Eq(2) [12] : Among the others, the hourly load shed potential is a good indicator to quantify the flexibility provided by refrigeration systems when e.g. their dynamic operation is analyzed during DR events or in case of improved efficiency, because it is simple to be implemented and effective.
CONCLUSIONS
In this work, a study of demand side management strategies applied to the refrigeration sector is provided. The interest towards this sector for DSM purposes has been demonstrated by the analysis of electricity consumption in such field. The main refrigeration applications have been considered separately (chillers and heat pumps for HVAC in buildings; household refrigerators; supermarkets and refrigerated warehouses in the industrial sector) with reference to the different DSM realizations (energy efficient devices; energy storage; DR). Possible ways to assess the energy flexibility provided by refrigeration technologies adhering to DSM strategies are discussed. Starting from the presented framework it will be possible to develop future works to quantify the DSM potential (i.e. flexibility) in specific real refrigeration applications.
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